Ni L-and Ti L-edge as well as Ti K-edge X-ray absorption experiments for TiO2 thin films and Ni-doped TiO2 thin films coated on glass plates were performed using synchrotron radiation to investigate the structures around Ni and Ti ions in the films. The obtained spectra were compared with the results of theoretical calculations. It has consequently been found that the spectral features were affected by a change in the oxidizing form of Ni ions due to hydrogen reduction, by the charge variation and/or slight orbital splitting of Ti ions, and by the magnitude of the interaction between the center Ti ion and neighboring Ti ions.
Introduction
For the photocatalytic degradation of various organic and inorganic compounds in solutions, titanium oxides have been modified to obtain highly active photocatalysis by inserting other metal ions, making a lattice defect, and by changing in several forms, e.g., fine particles and thin films on a substrates. [1] [2] [3] [4] [5] [6] [7] Because the photocalalytic reaction is carried out at the surface of titanium oxides where UV light (< 380 nm wavelength) is irradiated, the surface structures of titanium oxides have also been of interest and studied. [7] [8] [9] [10] The X-ray absorption spectroscopy (XAS) at the L-edges and the X-ray absorption near edge structure (XANES) at the Kedges for 3d transition metals is a powerful tool for investigating the steric and electronic structures of an absorbing atom center. [11] [12] [13] [14] [15] [16] [17] Since the core-hole lifetime of L-edge transitions is longer than that of K-edges, the L-edge XAS has very narrow inherent linewidths, which lead to better resolved features in the spectra, compared to the K-edge XANES. For Ti K-edge XANES, however, the preedge features in the spectra are very sensitive to the structure surrounding the Ti sites, and provide useful information. 7, 18, 19 For analyzing the local structure of the near surface for not only thin films, but also bulk materials, X-ray absorption experiments are well performed using the specimen current measurement (SC), the fluorescence yield (FLY), and the conversion electron yield (CEY), which is one of total electron yield (TEY) techniques. The obtained spectra have been analyzed by using theoretical calculations involving many-body theories and first-principles molecular-orbital calculations.
They have consequently provided information about the energy, molecular orbital, and absorbed intensity with respect to the electron transition. 12, 16, 17, [20] [21] [22] [23] [24] So far, nanocrystal TiO2 and Ni ions deposited on a SiO2 crystal have been studied by X-ray absorption experiments. 7, [25] [26] [27] [28] However, TiO2 and Ni ion-doped TiO2 thin films on glasses have been little observed by similar experiments; in addition, the steric and electronic structures of Ti and Ni ions in the thin films on the glasses have not yet been discussed by theoretically analyzing the obtained spectra.
The aim of this work is to spectroscopically investigate the steric and electronic structures of Ti and Ni ions in thin films on glass. X-ray absorption spectroscopy techniques have been used to determine the structures of several thin films of TiO2 prepared by coating glass plates with a TiO2 solution and with a Ni ion-doped TiO2 solution. The present results are discussed together with those of our theoretical calculations and those from the literature. To analyze the surface structure of thin-film samples, a few studies have applied such techniques using a combination of X-ray absorption spectroscopy and theoretical calculations. This paper will introduce the usefulness of the technique.
Experimental

Sample preparations
The preparation of transparent titanium thin films on glass plates, TiO2/glass, was made based on a reported procedure. 29, 30 Amorphous titanium oxide was obtained by hydrolysis and polymerization reactions with a mixture solution of titanium(IV) tetraisopropoxide (59.4 g) (Katayama Chemical), 2-propanol (125.6 g) (Wako Pure Chemical) and pure water (15.0 g); the obtained oxide (1.0 g) was dissolved in 31% hydrogen peroxide (20 ml) (Mitsubishi Gas Chemical) to form an orange-colored gel. Then, the hydrogen peroxide (120 ml) was further added to the gel, and a transparent coating solution was obtained. Glass plates were dip-coated by the coating solution and dried in a clean bench. Some of the dip-coated glass plates were calcined at 500˚C for 1 h. A 3 wt% nickeldoped TiO2 thin film on glass, Ni/TiO2/glass, was prepared by a similar method, except that an aqueous solution of nickel(II) nitrate (Nakarai Chemicals) was added to the sol prior to formation of the gel. 31 A single film on the glass was obtained by one run of the dip-coating and calcination (denoted as TiO2/glass#1) processes.
Ten-fold laminated films were obtained by repeatedly running the same process (TiO2/glass#10); however, one of the TiO2/glass#10 samples was not calcined in the 9th and 10th processes (TiO2/glass#10N). A 3 wt% nickel-doped TiO2 thin film on glass was also obtained by a similar process, described above (Ni/TiO2/glass#1, #3, and #10). One of the Ni/TiO2/glass#10 samples was further reduced in a hydrogen stream at 500˚C for 1 h (Ni/TiO2/glass#10H). 32 The thickness of each thin film on glass was evaluated based on the value of the wavelength at the absorption edge of the UV-vis spectra. The detailed procedure for the evaluation has been described elsewhere. 33 The thickness of TiO2/glass is less than 10 nm for a single layer film on glass and about 100 nm for a 10-fold laminated film. The thickness of a metal-doped TiO2 film on glass, M/TiO2/glass, has been estimated by a similar procedure to be about 30 nm for a single-layer film, and to be about 250 nm for a 10-fold laminated film.
X-ray absorption spectroscopy measurements
Ni L-and Ti L-edge XAS measurements were performed on beamline 8.0, an undulator beamline with a spherical-grating monochromator, at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory in the USA. Further detail have been described elsewhere. 34 Ni L-edge XAS spectral data were collected by the FLY mode, which probes up to 100 nm into the surface to obtain the optimum S/N ratio, whereas the Ti L-edge XAS spectral data were recorded by collecting the current from the sample to avoid reducing the white line in the FLY mode due to self-absorption. Glass plates coated with a thin film were cut to bits (about 3 × 3 mm), and then mounted on a sample holder of stainless steel, whose surface was coated with silver. The glass surface and the holder surface were connected by conductive carbon adhesive tape.
Ti K-edge XANES measurements were performed on beamline BL16B2 35 at SPring-8 in Japan. The storage ring was operated at a ring energy of 8 GeV and a stored current of about 81 -99 mA. The data were collected in the CEY mode with two flat Si(111) crystals as a monochromator and with a Rhcoated mirror to reject the higher harmonics. As for the CEY mode, He gas flows at 1 dm 3 /min in the CEY cell 36 in the atmosphere, so that Auger electrons generated from the sample collide with He atoms, and generate He + ions and electrons. XANES spectra were obtained by detecting electrons or He + ions. To detect electrons by this experiment, the applied voltage was set to 1 kV. Glass plates coated with a thin film were cut to bits (about 10 × 10 mm), and then mounted on the sample stage of the CEY cell. The glass surface and stage were connected by conductive carbon adhesive tape.
Computations
Discrete variational Xα (DV-Xα) molecular orbital calculations were performed to analyze the Ti K-edge XANES spectra of the rutile and anatase TiO2 powder.
The computational details of the DV-Xα method have been previously described. 16, 37 The calculation models, which consist of one Ti ion surrounded by a given number of neighboring ions, are based on crystal structures reported in the literature. 38 Note here that the cluster ends should be O ions. The cluster models and calculated conditions of the rutile and anatase TiO2 are described as follows. Rutile: the cluster model, (Ti11O44) 44- model; basis sets, 1s-5p for Ti ion and 1s-2p for O ion; symmetry orbital parameter, C2h obtained from symOrb 39 code; Madelung potential field, calculated by 1385 points as point charges; sample points, 70000. Anatase: the cluster model, (Ti9O38) 40- model; basis sets, 1s-5p for Ti ion and 1s-2p for O ion; symmetry orbital parameter, S4; Madelung potential field, calculated by 2997 points as point charges; sample points, 60000. The total charge of each calculated condition is zero due to embed each cluster model in each Madelung field. A selfconsistency of within 0.001 electrons was obtained for the orbital population from a Mulliken population analysis.
Results and Discussion
Ni L-and Ti L-edge XAS spectra
The normalized Ni L-and Ti L-edge XAS spectra, measured in the FLY mode and the SC mode, are shown in Figs. 1 and 2 , respectively. The energy scale for the Ni L-edge spectra was calibrated by setting the Ni L3-edge maximum peak of the Ni metal to 852.7 eV. The energy scale for the Ti L-edge spectra was calibrated by using the TiO spectrum, which was compared with the TiO spectrum measured by Jia et al. 40 The spectral features of Ni L-and Ti L-edge XAS for a series of Ni/TiO2/glass samples, except for the Ni L2-edge XAS spectra, due to noisy ones, show little change due to their thickness. As compared with Ni/TiO2/glass#10, the spectral feature of Ni L3-edge XAS around 855 eV for the Ni/TiO2/glass#10H consists of two clearly divisible peaks, as shown by the arrows in Fig. 1 , whereas the spectral feature of whole Ti L-edge XAS for the latter sample is not different at all from that of Ni/TiO2/glass#10. These results indicate that the hydrogenreduced effect preferentially affects the coordinated structure of the Ni ion, rather than that of the Ti ion. As compared with TiO2/glass#10, each shoulder of the Ti L3-edge XAS spectra around 461 eV for a series of Ni/TiO2/glass shifts to the higher energy side, as shown by the arrows in Fig. 2 . These results indicate that the doped Ni ion affects the coordinated structure of the Ti ion. Thus, L-edge spectra provide information about very sensitive chemical states using detective modes, which can sensitively probe the surface.
To obtain information about the chemical states, the Ni L-and Ti L-edge XAS spectra have been analyzed by theoretical calculations. 20, 22, 23 We must consider here that the L-edge spectra are profiled by the 2p spin-orbit interaction splitting, that is, the L3 (2p3/2) edge and the L2 (2p1/2) edge. Thus, the electron transitions of the L-edges were described as 2p3d n → 3d n+1 and 2p3d n L→2p -3d n+2 L -by taking the ligand-to-metal charge transfer into account, where and L -stand for the 2p core hole and holes in the ligand band, respectively.
According to a theoretical calculation introducing the manybody theory by van der Laan et al. 20 and van Elp et al., 22 it has been reported that the large peak at 853 eV is assigned to the 2p -3/2 -3d 9 character and that the next peak at around 855 eV is assigned to 3d 9 L or hybrid ( 3d 9 and 3d 10 L -) characters. Also, the changes in the feature and position of the peak around 855 eV indicate that the spectral features are directly related to the oxidized form, or are reflected in multiplet splittings. On the basis of the above-mentioned discussion, the difference in the feature of the Ni L3-edge XAS spectra around 855 eV between Ni/TiO2/glass#10 and Ni/TiO2/glass#10H in Fig. 1 is considered to be due to a change in the oxidize form of the Ni ion by hydrogen reduction, where part of the oxide ions coordinated to the Ni ion probably turn to the hydroxide ions in the reaction with hydrogen gas.
According to a discrete variational (DV)-Xα molecular orbital calculation based on the density functional theory performed by Yoshiya et al., 23 it has been suggested that the spectral feature of Ti L3-edge XAS depends on the chemical-bonding state, for example, the covalent bonding between Ti and O, with a variation in the number of d electrons in the Ti ion. The change in the spectral feature of the Ti L3-edge XAS around 460 eV between Ni/TiO2/glass#10 and TiO2/glass#10 in Fig. 2 , thus, is presumed to be due to the variation in the charge for the Ti ion and/or a slight splitting of the eg orbital 26 by including Ni ion in the TiO2 structure. A change in the spectral feature of Ti L-
edge XAS due to the oxidation number has also been shown in experiments concerning the argon-ion bombardment and annealing treatment for the TiO2(001) surface. 27 
Ti K-edge XANES spectra
The Ti K-edge XANES spectra measured in the CEY mode at BL16B2 of SPring-8 are shown in Fig. 3 together with the spectra for amorphous, rutile, and anatase TiO2 powder (measured in the transmission mode at BL10B, Photon Factory in High Energy Accelerator Research Organization (KEK-PF) in Japan, equipped with Si(111) as a monochromator). The energy scale for the Ti K-edge spectra was calibrated by setting a particular peak of the Cu metal to 8980.6 eV. The spectrum for TiO2/glass#1 was not obtained, since the amount of Ti ion was not sufficient to count the converted ions. The spectral profile of TiO2/glass#10 is similar to that of amorphous TiO2 powder in spite of the film being calcined at 500˚C for 1 h. It is thus thought that the structure of TiO2 on the film surface is different from that of TiO2 in an anatase-type crystal, and has a random arrangement of Ti and O ions. On the other hand, the spectral profile of TiO2/glass#10N is not similar to those of the reference samples. It is thus assumed that the structure of TiO2 sol is maintained on the film surface. Since the TiO2 sol is prepared by dissolving amorphous TiO2 in 31% H2O2, the structure is thought to be composed of many Ti-OH bond species.
The Ti K-edge XANES spectra of the rutile and anatase TiO2 have been theoretically analyzed by a few calculation methods, 21, 24 mainly concerning the part of the preedge spectra (ca. 4965 -4975 eV), because this region is sensitive to the orientation consisting of a quadrupolar transition. In general, the preedge spectra are ascribed to dipole-forbidden 1s-3d transitions. Ruiz-López and Muñoz-Páez 21 concluded that the preedge spectra can be assigned to a mixing of 4p orbitals of the absorbing ion and 3d orbitals of neighbouring Ti ions; the 151 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 mixing ratio depends on the Ti-Ti distances. In addition, Joly et al. 24 have reported that the spectral features consist of not only dipolar or quadrupolar components, but a mixing of their components. The results of our DV-Xα calculations for the rutile and anatase TiO2 are shown in Figs. 4 and 5, respectively. The calculated transition probabilities are represented by vertical bars, and the transition peaks, whose bars were convoluted by a Gaussian function with a half width at halfmaximum of 1.0 eV, are represented by dashed lines. Peak a1, corresponding to peak A1 in each figure, cannot be clearly seen, since peak a1 is embedded in the curve of the neighboring peak. The other calculated peaks, however, are in good agreement with the observed peaks at the peak positions and intensities. Especially, each peak b reasonably agrees with each corresponding peak B in each figure, since peak B hardly agrees with the calculated peak so far. The molecular orbitals corresponding to each peak B are composed by mainly the 4p orbital of the neighboring Ti ions to the center Ti ion. The molecular orbitals corresponding to each preedge peak A are also composed of mainly 3d orbitals of the neighboring Ti ions. The features of Ti K-edge XANES of the rutile and anatase TiO2 in bulk are, thus, affected by the interactions between the center Ti ion and neighboring Ti ions; this result is in agreement with those of Ruiz-López and Muñoz-Páez. 21 The structure around the Ti ion in the thin film is, therefore, concluded to be determined by the interaction between the center Ti ion and the neighboring Ti ions.
Conclusions
Ni L-and Ti L-edge XAS and Ti K-edge XANES measurements for Ni/TiO2/glass and TiO2/glass were performed by using synchrotron radiation. The obtained spectra were evaluated using the results of our theoretical calculations and those from the literature. The results are summarized as follows: 1) as for the Ni L-and Ti L-edge XAS, the difference in the spectral features of Ni L3-edge XAS around 855 eV between Ni/TiO2/glass#10 and Ni/TiO2/glass#10H is due to a change in the oxidize form of Ni ion by hydrogen reduction; the change in the spectral features of Ti L3-edge XAS around 460 eV between Ni/TiO2/glass#10 and TiO2/glass#10 is due to the variation of the charge for Ti ions and/or a slight splitting of the eg orbital. 2) As for the Ti K-edge XANES, the structure around the Ti ion in the thin film is governed by the magnitude of the interaction between the center Ti ion and the neighboring Ti ion, and the Ti-OH species that remains in the film after dipcoating affects the magnitude of the interaction. Both of the Kand L-edge X-ray absorption experiments are thus useful for investigating the structure of various compounds if the spectra show sensitive structures. Furthermore, theoretical calculations are helpful for understanding the electron structure and the state of the molecular orbitals by analyzing the spectra. Therefore, the surface structure of not only TiO2 thin films, but also the other film materials, is expected to be found by combining the X-ray absorption spectra with theoretical calculations. ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 
